The authors report on fabrication and electrical characterization of ferroelectric nanotubes and metal-ferroelectric-metal composite nanotubes using silicon and ZnO nanowires as positive templates. Nanotubes of high aspect ratio with a minimum inner diameter of about 100 nm and a length ranging from 0.5 m to a few microns have been obtained by magnetron sputtering and/or pulsed laser deposition. Metal-ferroelectric one-dimensional structures were characterized by piezoelectric scanning probe microscopy, showing piezoelectric hysteresis loops and ferroelectric switching. The presented fabrication approach can be used to fabricate three-dimensional capacitors for ferroelectric nonvolatile memories as well as nanosize piezoelectric scanners and actuators. Ferroelectrics are one of the most intensively studied classes of materials during the previous years due to potential applications in nonvolatile memories, piezoelectric actuators and sensors, and electro-optic and photonic devices. Fundamental questions of finite size effects in onedimensional systems such as nanowires and nanotubes are not yet clarified, although recent theoretical investigations predict the stability of the ferroelectric polarization in nanowires down to a radius of only 1.2 nm.
Ferroelectrics are one of the most intensively studied classes of materials during the previous years due to potential applications in nonvolatile memories, piezoelectric actuators and sensors, and electro-optic and photonic devices. Fundamental questions of finite size effects in onedimensional systems such as nanowires and nanotubes are not yet clarified, although recent theoretical investigations predict the stability of the ferroelectric polarization in nanowires down to a radius of only 1.2 nm. 1 The fabrication of one-dimensional ferroelectric systems, such as nanowires and nanotubes, is of high scientific interest and will also have a high potential in applications such as nanosize actuators or piezoelectric scanners. 2 At the general level, there are two main methods to fabricate nanoscopic and mesoscopic one-dimensional structures: self-assembly methods, used, for instance, by Urban et al. to fabricate BaTiO 3 ͑BTO͒ ferroelectric nanowires, 3 and template-mediated approaches generically described by Martin. 4 In principle, the self-assembly fabrication methods offer a higher crystalline quality and smaller dimensions mainly due to the bottom-up building of the structure using atoms and molecules. On the other hand, the templatemediated methods offer a number of advantages in terms of tunability of the characteristic dimensions as well as better control of stoichiometry and higher flexibility. 5 Most of the template methods to obtain tubular or rodlike structures use porous templates in conjunction with infiltration or conformal deposition methods to partially or entirely fill the pores. The mostly used porous templates are nanoporous alumina membranes and macroporous silicon. Using alternatively one or the other of these porous structures, a large range of hole diameters becomes accessible, from few tens of nanometers up to a few microns. Recently this general fabrication approach based on infiltration of negative templates has been used to fabricate ferroelectric nanotubes showing good piezoelectric properties as well as ferroelectric switching. 6, 7 However, the negative-template approach has a number of drawbacks when real applications, mostly in microelectronics, are envisaged. One of the most serious ones is the relatively difficult control of the wall thickness of the tube which, together with the difficulty of performing multiple infiltrations, results in major limitations when this method is used for the fabrication of functional devices. One should remember that devices based on metal-ferroelectric-metal structures are of very high interest in applications such as mesoscopic piezoelectric actuators and scanners, mass storage devices analogous to the millipede concept, 8 threedimensional ͑3D͒ capacitors used in nonvolatile ferroelectric memories, as well as in microfluidics. 9 The present letter introduces an alternative approach to the fabrication of one-dimensional nanoscale ferroelectric structures. The fabrication method uses positive templates, such as epitaxially grown nanowires, which are conformally covered by conventional vapor deposition methods, typically used in microelectronics industry. An important advantage offered by the vapor deposition methods compared to the infiltration methods is better control of the wall thickness due to inherent better control of the film thickness in vapor deposition processes. For many reasons, including geometric and hydrodynamic reasons, it is much easier to perform vapor deposition on skyscraper-type structures than into deep trenches. It is not necessary to use special coating methods such as atomic layer deposition ͑ALD͒, although it might be more suitable due to better thickness uniformity. Nevertheless, ALD has been proven to be relatively difficult to use for binary or ternany oxide compounds. 10, 11 The fabrication method presented here is also appropriate to address the problem of fabrication of 3D capacitors used in nonvolatile memory technology. 3D capacitors have been already fabricated using carbon nanotubes and templates. 12 In order to prove the fabrication concept two types of templates, i.e., silicon and ZnO nanowires, have been used. The silicon nanowires used have average diameters ranging from 20 to 50 nm and lengths of 200-600 nm, whereas ZnO nanowires have a hexagonal cross section with equivalent diameters of 100-150 nm and lengths in the micron range. Details on nanowire template fabrication were published elsewhere. 13, 14 The as-grown nanowire templates were covered with platinum and a ferroelectric oxide in order to form multilayer and metal-ferroelectric-metal structures. Magnetron sputtering and pulsed laser deposition ͑PLD͒ were alternatively employed to deposit Pt and ferroelectric layers, such as BaTiO 3 or lead zirconate titanate ͑PZT͒, respectively.Pb͑Zr 0.4 Ti 0.6 ͒O 3 layers were deposited by PLD in a 0.5 mbar oxygen atmosphere at a substrate temperature of 500°C. BTO was deposited by magnetron sputtering in a gas mixture of Ar: O 2 ͑9:1͒ at a high pressure of 1 mbar and 500°C. The as-deposited BTO layers were subsequently annealed at 675°C for 1 h to improve the crystalline quality. The deposition processes were purposely performed at high pressures in order to improve the thickness uniformity of the deposited layers on the high-aspect-ratio structures by inelastic collisions. 15, 16 As-grown and deposited templates are shown in Fig. 1 . The particular shape of the deposited nanowires suggests already that in the case of PLD the deposition rate is higher at the top of the wires than at the bottom. This is due to a higher impingement rate at the nanowire tip during the PLD deposition of the ferroelectric layer. High-pressure sputtering was better in terms of uniformity as can be seen in Figs. 1͑c͒  and 1͑d͒ .
A cross-section scanning electron micrograph of a Pt/ PZT/Pt trilayer deposited on a Si nanowire sample is shown in Fig. 2 . The cross-section specimen was prepared by focused ion beam milling and scanning electron microscopy ͑SEM͒ image was acquired in situ during ion milling. The cross-section image confirms thicker layers at the apex of the nanowires and revealed that the bottom Pt layer in this specific case was transformed into Pt nanodots. This was due, most probably, to disintegration and Ostwald ripening of the very thin ͑5 nm͒ Pt layer at high temperature during or before deposition of the ferroelectric oxide layer.
Nanotubes can be easily obtained by etching the template. Silicon can be etched in KOH solution, whereas ZnO can be etched in diluted HCl. The high selectivity in both cases ensures complete etching of the nanowire template and thus enables the formation of nanotubes, as shown in Fig. 3 . The three-layer Pt"PZT"Pt structure is clearly revealed in this case. The 10 nm thick Pt layer did not rip even at 550°C, the deposition temperature of the PZT layer.
In order to verify the ferroelectric properties, metalferroelectric tubes were mechanically separated from the original substrate and transferred on a separate Pt-coated silicon substrate. Nanomanipulators under scanning electron microscopy control were also used to transfer single nanotubes onto patterned Pt dots on SiO 2 / Si substrates. The mechanical adhesion between the tubes and the Pt layer underneath was increased by thermal annealing at 400°C for 1 h. Subsequently, piezoelectric properties, as well as ferroelectric switching, were determined by piezoresponse scanning probe microscopy. Hysteresis loops acquired on a PZT/Pt nanotube as well as on the free surface of a ferroelectric film are shown in Fig. 4 . The hysteresis loop shows relatively good switching properties of the ferroelectric thin film, whereas the effective piezoelectric coefficient is very low, i.e., about ten times lower compared to the values acquired using the same measurement setup on high-quality epitaxial films. 17 A lower quality of the polycrystalline ferroelectric layer due mostly to the low deposition temperature and the thickness below 50 nm might be responsible for these low values of the effective piezoelectric coefficient. The cylindrical geometry of the tube, in which the inner electrode is at a floating potential, gives a relatively intricate field distribution within the ferroelectric shell. This effect along with the mechanical boundary conditions increases the effective piezoelectric coefficient as well as the measurement noise, deteriorating the shape of the hysteresis loop. Nevertheless, a switching process together with a strong imprint in the positive direction is confirmed.
In summary, we have demonstrated a method to obtain multilayer ferroelectric tubular structures, including metalferroelectric-metal capacitors, with high aspect ratio and characteristic dimensions ͑diameters͒ in the 100 nm range. The present fabrication method is not only suitable to fabricate single nanotubes, but also to fabricate three-dimensional ferroelectric capacitors. This-in combination with the template-assisted large-scale ordered growth of ZnO nanopillars 18 -might be an alternative to the trench-based fabrication of 3D ferroelectric capacitors.
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